. We demonstrate genetic interactions between sl and several inducible negative-feedback responses and roughoid in the eye, suggesting that cSpi is normally contribute to the restricted activation profile. These ingenerated in the ER, and therefore that compromising clude the production of the secreted inhibitor Argos, its retention will elicit a phenotype. The activity of Sl in expression of Kekkon (which forms nonfunctional hetthe R8 photoreceptor cells producing the cleaved ligand erodimers with EGFR), and induction of Sprouty (which was indeed demonstrated by rescue of the sl eye phenotype following expression of the normal gene product only in R8 cells. We conclude that in the eye a significant *Correspondence: benny.shilo@weizmann.ac.il
portion of the Spi precursor is cleaved in the ER. A combination of efficient retention and regulated trafficking by Star determines the amount of ligand that will be secreted from the producing cells.
Results

ER Retention of Cleaved Spitz
We wished to follow directly the cleaved form of Spi (cSpi), in order to identify factors that may affect the distribution of the ligand after it has been processed by Star and Rhomboid. To overcome the processing stages, we used a Spi protein construct lacking the transmembrane and intracellular domains. This variant resembles the mature form and was previously shown to be biologically active both in cell culture and in flies (Schweitzer et al., 1995b) . eGFP was inserted immediately after the signal peptide to allow for visualization, and the entire construct was placed in the context of a UAS-based expression vector. The resulting molecule was shown to be highly active in flies, e.g., by expression in the wing and generation of the characteristic EGFR hyperactivation phenotype (not shown).
Typically, an inert secreted molecule, e.g., GFP attached to a signal peptide (sGFP), is observed mostly in the extracellular milieu of the cells expressing the molecule, as well as around the adjacent cells ( Figure  1D ). Functional ligands such as cSpi are expected to appear in endocytic vesicles in the adjacent cells receiving the Spi signal. Surprisingly, when the distribution of cSpi-GFP was monitored in flies, it could be detected only in the cells where it was expressed. This distribution was observed both in embryos and in the wing disc, in both live and fixed tissue ( Figures 1A-1F) . Moreover, within the producing cells, cSpi was observed in a perinuclear distribution, typical for ER proteins such as PDI ( Figure 1G ; Bobinnec et al., 2003) .
To examine the biological activity and spatial distribution of cSpi, we followed the activation of EGFR and MAPK by antibodies recognizing dpERK (Gabay et al., 1997) . cSpi-GFP was expressed in the embryo in a seven-stripe pattern by prd-Gal4. In accordance with Figures 2B and 2C) . A similar alteration in the distribution profile following elimination of the EGF domain was monitored in embryos (not shown).
To examine if ER retention is a general property of EGFR ligands, we tested GFP fusions of cleaved Keren, Vein, and Argos. Keren is a ligand that is structurally highly similar to Spi in the extracellular domain (Reich and Shilo, 2002), and indeed cleaved Keren-GFP was similarly retained in the ER ( Figure 2D ). Vein and Argos are naturally secreted ligands (Freeman et al., 1992; Schnepp et al., 1996) . In both cases, the ligands exhibited a typical secretory distribution manifested by a low level of fluorescence that is detected primarily in vesicles, with no ER accumulation ( Figures 2E and 2F ). These results demonstrate that ER retention of the secreted form of the ligand is not a general feature of EGFR ligand biogenesis, but is rather a property specific to Spi and Keren. 2N , 2P, and 2Q), indicating that the localization of mSpi in the ER depends on retrograde trafficking mediated by COPI. In contrast, these dsRNAs had no effect on the ER accumulation of cSpi ( Figures 2J and 2K ). Thus, a novel mechanism that is independent of retrograde trafficking by the COPI complex is implied for retention of cSpi in the ER. that a COPI-independent mechanism is involved in the ER accumulation of cSpi. The effects of the different dsRNAs on retention of a resident ER protein, BiP, were also examined. Four of the dsRNAs altered the localization of BiP and gave rise to a punctate distribution, suggesting that they do not specifically function to retain cSpi. Within the remaining seven genes, we were particularly struck by the identification of small wing (sl), which was previously shown to be a negative regulator of EGFR signaling in the eye (Thackeray et al., 1998). dsRNA for sl abolished the ER retention of cSpi, which instead appeared in punctate structures ( Figure 2L ). Conversely, it had no effect on the distribution of mSpi or BiP (Figures 2O and 2R 
Sl Is Required for ER Retention of cSpi in Embryos
To extend the initial findings in cell culture, we examined higher levels of cSpi-HRP in the extracellular space comthe role of Sl in ER retention of cSpi in embryos. Sl was pared to cSpi-GFP may stem from a more efficient elimishown to be uniformly expressed throughout developnation of all Sl activity in the sl mutant background, ment (Emori et al., 1994) . We inactivated Sl by two ways. compared to dsRNA injection. First, dsRNA for sl was injected into embryos expressing
The above experiments demonstrate that under con-UAS-cSpi-GFP under the control of en-Gal4, and the ditions of cSpi overexpression, Sl is required in embryos distribution of cSpi followed in live embryos. Typically, for ER retention. Yet, in sl null mutants, no detectable cSpi is detected only in the expressing cells, with no EGFR hyperactivation phenotypes are observed and the fluorescence in the extracellular space or in endocytic mutant embryos are viable. In fact, an EGFR hyperactivesicles in the adjacent cells ( Figure 3A) . However, folvation phenotype is consistently observed only in the lowing injection of sl dsRNA, some of the cSpi protein eye (Thackeray et al., 1998). To understand the physiowas detected in vesicles within the producing cells. Eslogical significance of cSpi retention, we thus concenpecially pronounced was the appearance of cSpi in entrated on the eye, where sl mutants exert a phenocopy docytic vesicles in all cells positioned between the of EGFR hyperactivation. stripes of en expression, indicating that cSpi was indeed secreted from the producing cells and taken up by Sl Negatively Regulates EGFR Signaling in the Eye neighboring cells ( Figure 3B ).
We sought to characterize in detail the involvement of Another approach to follow the role of Sl in cSpi retenSl in eye development. The Sl protein is comprised of tion was to collect embryos that are completely devoid 1235 aa. Three alleles of sl were used for the analyses. of Sl. These embryos are zygotically mutant for sl and sl 1 is a hypomorphic allele, representing a P element also do not carry a maternal contribution. cSpi that was insertion after aa 1040. sl 2 and sl 9 are regarded as null tagged with HRP was expressed in these embryos by alleles, with a stop codon at residue 696 and 53, respecen-Gal4. Again, in wt embryos, cSpi was retained ( the ommatidial organization in ordered rows was slightly heterozygotes has been previously observed with respect to photoreceptor cell recruitment (Thackeray et disrupted and the position of the bristles was altered. A cross-section of the eyes of these mutants revealed al., 1998). We wanted to examine these interactions further to include mutations representing additional elethat ‫%52ف‬ of ommatidia were misrotated, implying that Sl is required for the proper rotation of ommatidia (Fig- ments in EGFR signaling and to monitor ommatidial rotation as well. ure 4B).
Next, we analyzed the sl 2 and sl 9 alleles. In addition sl null flies carrying only one functional allele of Star or EGFR (flb) were examined. The sl phenotype was to altered rotation in some of the ommatidia (sl 
If Ru generates cSpi in the ER, which is subsequently retained by Sl, we expected to identify genetic interactions between the two loci.
(A-C) The ru 1 hypomorphic mutation, which exhibits ommatidial rotation defects (64%; n ϭ 45)), was rescued in sl mutant flies (triangles, misrotated ommatidia: sl 2 , 11%; n ϭ 103; sl 9 , 5%; n ϭ 177). (D-F) The ru pLLb null mutation was not rescued in sl 2 mutant flies (ommatidia with fewer photoreceptors, 79%; n ϭ 108) and was fully rescued, in terms of photoreceptor recruitment but not in terms of ommatidial rotation (misrotated ommatidia, 50%, n ϭ 106), by the sl 9 mutant background. We suggest that residual levels of cSpi that are generated by Rhomboid-1 in the ER may become more effective once ER retention is compromised. (Freeman, 1996) .
The EGFR pathway induces a wide range of cell fates The sca-Gal4 driver is expressed specifically in the during Drosophila development (Shilo, 2003) . In most R8 cells. Induction of membrane-tethered GFP by this cases, activation of the pathway dictates a binary choice, and the range of activation is restricted to one driver shows expression only in the R8 cells, which are retained in the ER. This retention seems to be a general property, as it was observed in several tissues in the fly and in cell culture. Even when high levels of cSpi were expressed, the retention capacity in vivo was not saturated. Normally, the Spi precursor is cleaved by Rhomboid (after trafficking from the ER) to generate the active, secreted form of the ligand. Since expression of the cleaved form represents an artificial manipulation, we examined the possible relevance of this ER retention.
Several observations indicate that cSpi is biologically active and does not accumulate in the ER due to misfolding. In cell culture, a significant portion of the ligand is eventually secreted to the medium and is a potent activator of EGFR. In flies, the low levels of cSpi that are secreted were capable of triggering MAPK phosphorylation in the cells expressing cSpi and occasionally in one row of adjacent cells. Low levels of cSpi, too weak to be detected by GFP fluorescence, may leak outside the producing cells to trigger EGFR on the cell surface.
The accumulation of cSpi in the ER appears to reflect a novel mechanism for ER retention. In contrast to ER retention of the full-length Spi precursor, cSpi remains in the ER when the retrograde trafficking machinery from the Golgi to the ER is compromised following incubation with dsRNA for COPI (Figure 2) . Utilization of a novel ER retention and export machinery has been previously identified for the SREBP protein-regulating cholesterol synthesis (Yang et al., 2002) .
Sl Is Required for cSpi Retention in Cells and Flies
To identify the mechanism responsible for cSpi retention and assess its biological significance, we conducted a screen for dsRNAs that would compromise this property. We focused our analysis on the sl gene, in view of is a secreted protein that is retained within the ER lumen.
Significant rescue of the rotation defects of sl was also observed.
Additional proteins must participate to form a physical
Of the ommatidia with the correct R7 number, 26% were misrotated link. While sl encodes a PLC␥, we do not believe that in the sl mutant (n ϭ 61), and only 6% in the rescued flies (n ϭ its enzymatic activity is necessary for the retention pro- 
